Changes in blood glucose concentration alter autonomic function in a manner consistent with altered neural activity in brain regions controlling digestive processes, including neurons in the brain stem nucleus tractus solitarii (NTS), which process viscerosensory information. With whole cell or on-cell patchclamp recordings, responses to elevating glucose concentration from 2.5 to 15 mM were assessed in identified GABAergic NTS neurons in slices from transgenic mice that express EGFP in a subset of GABA neurons. Single-cell real-time RT-PCR was also performed to detect glutamic acid decarboxylase (GAD67) in recorded neurons. In most identified GABA neurons (73%), elevating glucose concentration from 2.5 to 15 mM resulted in either increased (40%) or decreased (33%) neuronal excitability, reflected by altered membrane potential and/or action potential firing. Effects on membrane potential were maintained when action potentials or fast synaptic inputs were blocked, suggesting direct glucose sensing by GABA neurons. Glucose-inhibited GABA neurons were found predominantly in the lateral NTS, whereas glucose-excited cells were mainly in the medial NTS, suggesting regional segregation of responses. Responses were prevented in the presence of glucosamine, a glucokinase (GCK) inhibitor. Depolarizing responses were prevented when K ATP channel activity was blocked with tolbutamide. Whereas effects on synaptic input to identified GABAergic neurons were variable in GABA neurons, elevating glucose increased glutamate release subsequent to stimulation of tractus solitarius in unlabeled, unidentified neurons. These results indicate that GABAergic NTS neurons act as GCKdependent glucose sensors in the vagal complex, providing a means of modulating central autonomic signals when glucose is elevated. brain stem; glucokinase; membrane potential; vagus nerve GLUCOSE-SENSING NEURONS are found in several brain regions associated with metabolic regulation, particularly in the hypothalamus and brain stem (Balfour et al. 2006; Briski et al. 
GLUCOSE-SENSING NEURONS are found in several brain regions associated with metabolic regulation, particularly in the hypothalamus and brain stem (Balfour et al. 2006; Briski et al. 2009; Dunn-Meynell et al. 2002; Oomura et al. 1969; Wan and Browning 2008; Yang et al. 1999) . Included in this population are neurons of the brain stem dorsal vagal complex (DVC), which regulate parasympathetic processes driven by the vagus nerve, including digestive, cardiorespiratory, and metabolic functions (Laubie et al. 1983; Siemers et al. 1982; Suzuki et al. 1997; Travagli et al. 1991 Travagli et al. , 2006 Zhu et al. 2010; Zsombok and Smith 2009 ). Within the DVC, glucose sensing in the nucleus tractus solitarii (NTS) participates in the regulation of feeding and blood glucose (Lam et al. 2010; Ritter et al. 1981; Ritter et al. 2000) . Glucose can also potentiate vagally mediated input to the NTS (Wan and Browning 2008) , implying that visceral afferent signaling to the brain may be modulated in the context of plasma glucose levels. Furthermore, hepatic gluconeogenesis relies on central regulatory control that is mediated by the vagus nerve, and in vivo studies support a critical role of the DVC in the homeostatic control of blood glucose and autonomic function (Lam et al. 2010; Obici et al. 2002; Pocai et al. 2005a Pocai et al. , 2005b Ritter et al. 1981; Ritter et al. 2000; Sakaguchi and Shimojo 1984) . Glucose concentration in the brain changes in a narrow range under normal physiological conditions but can change drastically in metabolic disorders (De Vries et al. 2003; Starr et al. 2003) . Areas outside the blood-brain barrier, including the NTS (Merchenthaler 1991) , may be particularly sensitive to dynamic changes in plasma glucose concentration. Since changes in blood glucose concentration result in altered gastric and other visceral functions, a sensitive and flexible glucose-sensing mechanism in the DVC may underlie central responses to altered glucose levels.
It has long been known that subsets of NTS neurons, in particular those in caudal parts of the nucleus, respond to varying glucose concentrations by altering their action potential (AP) firing (Mizuno and Oomura 1984) . Acute hypoglycemia can increase or decrease membrane potential in small subsets of DVC neurons, effects that probably involve a glucokinase (GCK)-dependent modulation of ATP-sensitive potassium (K ATP ) channels (Balfour et al. 2006; Wan and Browning 2008) . Although only a subset of NTS neurons are glucose sensitive, visceral responsiveness to altered glucose concentration in the NTS can have profound effects on visceral motor activity. Application, for example, of high glucose concentrations (15-30 mM) to the DVC rapidly increases intragastric pressure and inhibits gastric motility in vivo in rats, and motor neurons in the dorsal motor nucleus of the vagus (DMV) undergo a commensurate K ATP -and Cl Ϫ -dependent hyperpolarization when similarly high glucose concentrations are applied in vitro (Ferreira et al. 2001) . Inhibitory, GABAergic NTS neurons make extensive synaptic connections with gastric-related DMV neurons (Davis et al. 2004; Travagli et al. 1991) , and GABA release in the DMV potently influences vagal motor activity (Gao and Smith 2010; Travagli et al. 2006) . Because the inhibitory effect of glucose on motor neuron activity appears to involve glucose-dependent modulation of upstream, synaptically connected inhibitory neurons, we tested the hypothesis that glucose directly alters the membrane potential of identified GABA neurons in the NTS, correlating expression of glutamic acid decarboxylase (GAD67) with electrical responses to elevated glucose concentrations in mice.
MATERIALS AND METHODS

Animals.
Male and female transgenic mice expressing enhanced green fluorescent protein (EGFP) in the subpopulation of GABAergic neurons that coexpress somatostatin (i.e., GIN mice) (Glatzer et al. 2007; Oliva et al. 2000) were used in this study. Mice were bred in house from homozygous founder mice [FVB-Tg (GadGFP) 4570Swn/J; The Jackson Laboratories, Bar Harbor, ME], and the colony was maintained under a normal 14:10-h light-dark cycle. Water and food were available ad libitum. All procedures conformed to National Institutes of Health guidelines and were approved by the University of Kentucky Animal Care and Use Committee.
Brain slice preparation. On-cell and whole cell patch-clamp recordings were made with brain stem slices prepared from male and female GIN mice, 3-8 wk of age. Animals were deeply anesthetized by isoflurane inhalation (IsoThesia; Henry Schein, Melville, NY) and decapitated while anesthetized. The brain was rapidly removed and blocked to isolate the brain stem and then glued to a sectioning stage. Transverse (coronal) brain stem slices (300 m) containing the caudal NTS near the level of the area postrema (i.e., Ϯ600 m rostral and caudal to area postrema) were made in ice-cold, oxygenated (95% O 2 -5% CO 2 ) artificial cerebrospinal fluid (ACSF) with a vibrating microtome (Vibratome Series 1000; Technical Products, St. Louis, MO). The ACSF contained (in mM) 124 NaCl, 3 KCl, 2 CaCl 2 , 1.3 MgCl 2 , 1.4 NaH 2 PO 4 , 26 NaHCO 3 , and 2.5 glucose (pH 7.15-7.3); osmolality was adjusted to 290 -310 mosmol/kgH 2 O with sucrose. High-glucose ACSF (15 mM) was made by equimolar substitution of NaCl or sucrose. Slices were incubated for an equilibration period for Ն1 h in warmed (30 -33°C), oxygenated ACSF prior to recording.
Electrophysiology. A single brain slice was transferred to a recording chamber mounted on a fixed stage under an upright microscope (BX51WI; Olympus, Melville, NY), where it was continually perfused by warmed (30 -33°C), oxygenated ACSF. EGFP-labeled NTS neurons were targeted for recording under a ϫ40 water-immersion objective with fluorescence and infrared-differential interference contrast (IR-DIC) optics, as previously described (Gao et al. 2009; Glatzer et al. 2007; Glatzer and Smith 2005; Williams and Smith 2006) . For recordings from EGFP-labeled NTS neurons, initial visualization was made briefly under epifluorescence with a fluorescein isothiocyanate (FITC) filter set (excitation filter wavelengths: 450 -490 nm).
On-cell and whole cell patch-clamp recordings were obtained in the NTS with pipettes pulled from borosilicate glass (Garner Glass, Claremont, CA; open tip resistance 4 -6 M⍀) with a Sutter P-87 horizontal puller (Sutter Instrument, Novato, CA). The location of each recorded cell was noted and recovered by staining for biocytin (0.2% added to internal recording solution) (Horikawa and Armstrong 1988) . Pipettes were filled with a solution containing (in mM) 130 K ϩ -gluconate (or Cs ϩ -gluconate), 1 NaCl, 5 EGTA, 10 HEPES, 1 MgCl 2 , 1 CaCl 2 , 3 KOH (or CsOH), and 2-4 ATP (pH 7.15-7.3) .
Electrophysiological signals were recorded with a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA), low-pass filtered at 3 kHz, and recorded onto a PC-style computer (Digidata 1440A, Molecular Devices) with pCLAMP 10.2 software (Molecular Devices). Series resistance was monitored throughout the recordings, and data were used for analysis if the series resistance remained Ͻ30 M⍀ (mean ϭ 17.0 Ϯ 0.7 M⍀) and changed by Յ20% during the recording. Once a recording was obtained, cells were allowed to equilibrate for ϳ10 min before the solution with a high glucose concentration (15 mM) was bath applied for 10 min before return to 2.5 mM glucose solution (washout).
Resting membrane potential was measured in current-clamp mode by directly measuring the mean membrane potential over a 30-s period. In neurons with spontaneous APs, membrane potential was measured over 30 s by averaging periods between spikes. Membrane potential was corrected for liquid junction potential post hoc (Ϫ8 mV). Resting potential was determined by monitoring the voltage at which no current was injected (I ϭ 0). Electrical stimulation of primary afferent input was made with a concentric bipolar stimulating electrode (125-m diameter; FHC; Bowdoinham, ME) placed over the tractus solitarius (TS). Evoked excitatory postsynaptic currents (eEPSCs), spontaneous EPSCs (sEPSCs), and tetrodotoxin (TTX)-resistant (i.e., miniature) EPSCs (mEPSCs) were examined at a holding potential of Ϫ65 mV, and inhibitory postsynaptic currents [IPSCs; spontaneous (s)IPSCs and miniature (m)IPSCs] were examined at 0 mV with pipettes containing Cs-gluconate to block K ϩ currents, thereby improving voltage control and reducing noise.
All drugs were bath applied until a steady state was reached (ϳ10 min). Drugs used included the GCK inhibitor glucosamine (5 M), the K ATP channel blocker tolbutamide (200 M), the NMDA receptor antagonist AP5 (50 M), the AMPA/KA receptor antagonist CNQX (10 M), the GABA A receptor blocker picrotoxin (100 M), and the Na ϩ channel blocker TTX (1 M). AP5, CNQX, and picrotoxin were received from Sigma-Aldrich (St. Louis, MO). Tolbutamide was received from R&D Systems (Minneapolis, MN). TTX was received from Alomone Labs (Jerusalem, Israel). Glucosamine was received from MP Biomedical (Santa Ana, CA).
Histology. After recording, slices were fixed with 4% paraformaldehyde in 0.15 M sodium phosphate buffer overnight at 4°C (pH 7.4). After three rinses with 0.01 M phosphate-buffered saline (PBS), slices were immersed in avidin conjugated to Texas red (1:400; Vector Laboratories, Burlingame, CA) in PBS containing 0.5% Triton X-100 and incubated for 4 h at room temperature to identify biocytin-filled neurons. Slices were then rinsed three times with PBS, mounted on glass slides, and coverslipped in Vectashield (Vector Laboratories) to reduce photooxidation during visualization. Cells labeled with biocytin during a recording and/or with EGFP were identified with an Olympus BX40 microscope, and images were captured with a Spot RT camera (Diagnostic Instruments, Sterling Heights, MI) using filters for the two fluorescent dyes (Fig. 1) .
Single-cell RT-PCR. To ensure that the EGFP-expressing neurons were GABAergic, single-cell RT-PCR was performed after electrophysiological recording. The cell contents of the patch-clamp recording pipette were immediately harvested into reverse transcription (RT) reaction mixture after recordings. The RT mixture was comprised of 1ϫ reaction buffer, 200 nM deoxynucleotide triphosphate (dNTP) mix, 40 U of Optizyme Ribonuclease Inhibitor, 200 U of Moloney murine leukemia virus reverse transcriptase (all from Fisher Scientific, Hampton, NH), and 2.5 M random nonamers (Sigma-Aldrich) in a total volume of 15 l. The RT mix was prepared without enzymes and stored at 4°C throughout the electrophysiological experiments. Once the cell content was harvested, samples were stored at Ϫ80°C until cDNA was created. Only at this point (the creation of cDNA) were the enzymes added to the RT mix, to avoid their degradation. The RT reaction was incubated at 42°C for at least 90 min, followed by inactivation of the enzyme at 95°C for 5 min.
The oligonucleotides used for PCR targeted ␤-actin (verifying the presence of constituent mRNA) and GAD67 (identifying GABAergic cells) and are shown in Table 1 . Cells were required to be positive for ␤-actin expression in order to be considered for analysis. Twelve microliters of PCR-mix containing 1ϫ reaction buffer, 300 M dNTP mix, 2.5 mM MgCl 2 , each primer-probe set at 400 nM, and 2.5 U of Taq DNA polymerase (all from Sigma-Aldrich) was combined with 3 l of cDNA. Reaction mixtures were placed into an ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA) at 95°C for 2 min and cycled 40 times through 95°C for 20 s, 60°C for 20 s, and 72°C for 10 s. Fluorescence was monitored during the annealing step of each cycle. ␤-Actin and GAD67 were tested on five putative motor neurons from the DMV; all were positive for ␤-actin and none for GAD67. Control samples were run that contained no cDNA (NTC) (Fig. 1) .
Data analysis. Recordings were analyzed with Clampfit 10.2 (Molecular Devices) and Mini Analysis 6.0.7 (Synaptosoft, Decatur, GA) software. Changes in membrane potential were considered significant if a change of at least Ϯ3 mV was detected. For analysis of postsynaptic currents, 2 min of continuous recording under each condition was used to assess mean EPSC or IPSC frequency, amplitude, 10 -90% rise time, and decay time constant for each glucose concentration. The Kolmogorov-Smirnov (K-S) intra-assay test was used to determine statistical significance of changes in EPSC or IPSC frequency within a recording. Only eEPSC responses that were of relatively constant latency (total interstimulus latency range Ͻ 0.5 ms) were assessed. Amplitude ratios of eEPSC responses (eEPSC2/ eEPSC1) to paired-pulse stimulation of the TS (30-ms pairing) were determined by measuring means of at least 10 responses. A repeatedmeasures ANOVA with Tukey's post hoc test was used to determine whether neurons recovered from the effects of glucose on membrane potential. A Mann-Whitney U-test was used to determine whether location predicted neuron response. A Wilcoxon matched-pairs signed-rank test was used to examine significance for paired-pulse ratios. For all other data, a paired, two-tailed Student's t-test was used to determine statistical significance (Graphpad Prism, San Diego, CA). Statistical significance for all measures was set at P Ͻ 0.05.
RESULTS
Identification of recorded NTS neurons.
Membrane potential and AP firing recordings were made from a total of 45 NTS neurons, identified by their expression of EGFP in slices from 30 mice. When possible, neurons were also recovered with biocytin to ensure colocalizaton of EGFP with the biocytin injected intracellularly during recording (Fig. 1A) . In addition to EGFP localization, phenotypic identity of NTS neurons recorded from slices in five animals was assessed by using single-cell quantitative RT-PCR to confirm the expression of GAD67 in EGFP-expressing neurons (n ϭ 12; Fig. 1B) . In all but one case, GAD67 expression was confirmed. Non-EGFPexpressing neurons (n ϭ 19) were also tested to ensure that negative expression values could be attained. In these cases, 10 cells were positive for ␤-actin but negative for GAD67 (Fig.  1C ) and 9 unlabeled (i.e., no EGFP expression) neurons contained GAD67 transcript. A GABAergic phenotype was confirmed in EGFP-expressing neurons and also in some neurons that did not express EGFP, consistent with previous findings in this mouse strain (Oliva et al. 2000) .
Effects of 15 mM glucose on membrane potential of GAD67-expressing neurons. In 35 EGFP-expressing neurons, the effect of elevating glucose concentration from 2.5 mM to 15 mM on membrane potential and firing frequency was examined with either cell-attached (i.e., on cell; n ϭ 5) or whole cell (n ϭ 30) recordings. Three types of neuronal response were identified. In some neurons (12/30 cells; 40%), the resting membrane potential was depolarized by glucose (Fig. 2) . Elevating glucose concentration depolarized the resting membrane potential in these neurons by 9.0 Ϯ 2.2 mV, from a mean of Ϫ54.0 Ϯ 3.4 mV in 2.5 mM glucose to Ϫ45.0 Ϯ 3.2 mV in 15 mM glucose (n ϭ 12; P ϭ 0.002; Fig. 2C ). These effects were reversed on reinstatement of 2.5 mM glucose (i.e., washout; n ϭ 8). In neurons where APs were present, the elevated glucose resulted in a significant increase in AP firing, including in seven cells recorded in whole cell configuration and three cells recorded in on-cell configuration (0.7 Ϯ 0.3 in 2.5 mM glucose vs. 1.2 Ϯ 0.3 Hz in 15 mM glucose; n ϭ 10; P ϭ 0.002). The membrane potential in a second population of neurons (10/30; 33%) hyperpolarized after increasing glucose concentration (Ϫ6.2 Ϯ 0.7 mV; Fig. 3 ). These neurons were NCBI reference sequences used for primer-probe design: NM_007393.2 (␤-actin), NM_008077.3 (GAD67), NM_010292.4 (GCK).
Fig. 2. Membrane responses of glucose-excited neurons.
A: action potential (AP) activity at resting membrane potential in an EGFP-expressing glucose-excited neuron. Left: 2.5 mM glucose. Center: 15 mM glucose. Right: 15 min after return to 2.5 mM glucose (15-min wash). B: mean and SE of AP firing rate for EGFP-labeled neurons in 2.5 and 15 mM glucose (n ϭ 10). C: resting membrane potential of EGFP-labeled, glucose-excited neurons in 2.5 mM and 15 mM glucose (n ϭ 12) in normal recording conditions (nACSF) and when AP-dependent activity was blocked with tetrodotoxin (TTX). Asterisks in B and C indicate significant difference from controls (paired t-test; P Ͻ 0.05).
hyperpolarized from a resting membrane potential of Ϫ53.1 Ϯ 4.8 mV in 2.5 mM glucose to Ϫ59.4 Ϯ 5.1 mV in 15 mM glucose (n ϭ 10; P ϭ 0.000007; Fig. 3C ). These effects also reversed on return to 2.5 mM glucose in all neurons examined (n ϭ 8). In neurons where APs were present, including on-cell recordings, elevating glucose concentration resulted in a significant decrease in AP firing (2.6 Ϯ 1.4 vs. 2.0 Ϯ 1.3 Hz; n ϭ 8; P ϭ 0.002). Although baseline AP frequency (in 2.5 mM glucose) was numerically lower in glucose-excited versus glucose-inhibited neurons (0.7 Ϯ 0.3 vs. 2.6 Ϯ 1.4 Hz), there was no statistical difference between these groups (P Ͼ 0.05). A third group of neurons (27%) did not significantly respond to the elevation of glucose. Resting membrane potential in these neurons was Ϫ45.6 Ϯ 5.6 mV in 2.5 mM glucose and Ϫ46.0 Ϯ 5.7 mV in 15 mM glucose (n ϭ 8; P ϭ 0.4). Most identified GABAergic neurons in the NTS were therefore either excited or inhibited by elevated glucose concentration, with a minority of cells being unresponsive.
Effects of 15 mM glucose on EGFP-expressing neurons are postsynaptic. To determine whether the changes in membrane potential in EGFP-labeled neurons in the NTS required synaptic input or AP firing, TTX was added to the ACSF to block APs and AP-dependent synaptic activity. In the presence of TTX (1 M), 11 of 15 neurons responded to the elevated glucose concentration. These included five neurons (33%) that depolarized (6.6 Ϯ 1.1 mV; P ϭ 0.002; Fig. 2C ) and six neurons (40%) that were hyperpolarized (Ϫ9.4 Ϯ 2.8 mV; P ϭ 0.002; Fig. 3C ). There was no difference in resting membrane potential (P ϭ 0.2) between neurons that were depolarized or hyperpolarized by increased glucose concentration. In all neurons examined during washout, the effects of elevated glucose levels were reversed after 10-min reinstatement of ACSF containing 2.5 mM glucose. The effects on membrane potential of elevated glucose concentration therefore did not require AP-dependent neurotransmission.
Effects of elevating glucose were determined in another group of neurons in the presence of the ionotropic glutamate and GABA receptor antagonists AP5 (50 M), CNQX (10 M), and picrotoxin (100 M), which block all fast neurotransmission in the NTS (Smith et al. 1998 ). In the presence of these antagonists, elevating glucose depolarized the membrane potential of 5 of 14 neurons (36%; 11.1 Ϯ 5.4 mV; Fig.  4 ). In 4 of 14 neurons (28%), elevating glucose concentration hyperpolarized the membrane potential by 5.4 Ϯ 0.9 mV. There was no effect of glucose elevation in the remaining five neurons. The effect of elevating glucose concentration therefore did not require glucose modulation of synaptic transmission and appeared to involve direct effects on the recorded GABA neurons.
Spatial distribution of neurons responding to increased glucose concentration. Figure 5 shows an example of the typical distribution of EGFP-expressing neurons within the DVC and responses of individual neurons to increased glucose concentration. There was a statistically significant topography to the distribution of cellular responses in NTS GABA neurons ( Fig. 5B ; Mann-Whitney, P ϭ 0.04). The medial NTS (mNTS) contained more neurons that responded to elevated glucose with a depolarization/increase in AP firing (60%) compared with the lateral NTS (lNTS; 20%). Conversely, the lNTS contained more neurons that responded with a hyperpolarization/decrease in AP firing (60%) compared with the mNTS (23%). With some exceptions, mNTS neurons tended to be depolarized, whereas lNTS neurons tended to be hyperpolarized, with increased glucose concentration.
Effect of glucokinase inhibition. To confirm GCK's role in the ability of EGFP-expressing NTS neurons to respond to glucose concentration change, slices were pretreated with glucosamine (5 mM), a GCK inhibitor, prior to elevation of glucose concentration to 15 mM. In the presence of glucosamine, the membrane potential was unchanged by increasing glucose concentration in seven of eight cells (Ϫ0.7 Ϯ 0.5 mV; n ϭ 8; P ϭ 0.2; Fig. 4) . One neuron was mildly hyperpolarized (Ϫ3 mV) in the presence of elevated glucose. Thus blocking GCK activity prevented the effects of increased glucose concentration on membrane potential, consistent with previous reports demonstrating GCK expression in glucose-responsive neurons of the vagal complex (Balfour et al. 2006) . Fig. 3 . Membrane responses of glucose-inhibited neurons. A: AP activity at resting membrane potential in an EGFP-expressing glucose-inhibited neuron. Left: 2.5 mM glucose. Center: 15 mM glucose. Right: 15 min after return to 2.5 mM glucose (Wash). B: AP firing rate for EGFP-labeled neurons in 2.5 and 15 mM glucose (n ϭ 8). C: resting membrane potential of EGFP-labeled, glucose-inhibited neurons in 2.5 mM and 15 mM glucose (n ϭ 10) under normal recording conditions (nACSF) and in the presence of TTX. Asterisks in B and C indicate significant difference from controls (paired t-test; P Ͻ 0.05). Fig. 4 . Graphical summary of membrane responses to elevated glucose: % of neurons that responded to elevated glucose concentration in normal recording conditions (nACSF; n ϭ 22), when APs were blocked with TTX (n ϭ 15), when fast synaptic receptor activity was blocked with NMDA, AMPA/KA, and GABA A receptor antagonists [AP5, CNQX, and picrotoxin (PTX), respectively; n ϭ 14], in the presence of the glucokinase blocker glucosamine (GA; n ϭ 8), or in the presence of the K ATP channel blocker tolbutamide (TOL; n ϭ 7).
Effects of K ATP channel blockade.
To determine the involvement of K ATP channels on the effects of elevated glucose, tolbutamide (200 M) was preapplied before glucose was elevated to 15 mM (n ϭ 7). In most of these neurons (n ϭ 5; 71%), membrane potential was unchanged when glucose concentration was increased (Ϫ0.6 Ϯ 0.6 mV change; P Ͼ 0.05). The two (29%) remaining neurons responded to the increase in glucose concentration with a hyperpolarization (Ϫ5.35 Ϯ 1.56 mV); no neurons were depolarized. Thus tolbutamide prevented the depolarizing effects of elevated glucose concentration on membrane potential (Fig. 4) , suggesting that blocking K ATP channels prevented the depolarization, consistent with previous findings in unidentified neurons (Balfour et al. 2006) .
EPSCs evoked from tractus solitarius. Most GABAergic NTS neurons receive input from primary viscerosensory afferents (Bailey et al. 2008; Glatzer et al. 2007) , and glucose alters glutamate release from viscerosensory afferents in a subset of unidentified NTS neurons (Wan and Browning 2008) . The effect of elevating glucose concentration on primary viscerosensory afferent input to GABAergic neurons was determined. Paired electrical stimulation of the TS resulted in eEPSCs in EGFP-labeled and unlabeled NTS neurons. In all neurons, poststimulus latency of the eEPSC was relatively constant (total interresponse latency variability Ͻ 500 s); the amplitude of the second eEPSC was smaller than the first, typical of putative second-order viscerosensory neurons (Andresen and Mendelowitz 1996; Doyle and Andresen 2001; Glatzer et al. 2007; Smith et al. 1998) . The amplitude of the first TS-eEPSC (eEPSC1) was unchanged by elevated glucose concentrations in identified GABAergic NTS neurons (Ϫ104 Ϯ 14 pA in 2.5 mM glucose vs. Ϫ92 Ϯ 9 pA in 15 mM glucose; P Ͼ 0.05; n ϭ 5; Fig. 6 ). Paired stimulation of the TS at a pairing interval of 30 ms resulted in a paired-pulse amplitude response ratio (PPr) of 0.63 Ϯ 0.09 in the presence of 2.5 mM glucose and 0.79 Ϯ 0.11 in the presence of 15 mM glucose (P Ͼ 0.05; n ϭ 5). Although the overall ratio was unchanged, the PPr was increased by Ͼ15% (n ϭ 4; P Ͻ 0.05) or decreased (n ϭ 1) in individual EGFP-labeled neurons. In those neurons with increased PPr, the ratio change was due to a significant increase in the amplitude of the second eEPSC (eEPSC2; P Ͻ 0.05).
In unidentified, non-EGFP-labeled NTS neurons, elevating glucose concentration from 2.5 to 15 mM resulted in an increase in the amplitude of eEPSC1 in all neurons from this group, from Ϫ196 Ϯ 36 to Ϫ248 Ϯ 42 pA (P Ͻ 0.05; n ϭ 6; Fig. 6 ). Paired-pulse stimulation of TS resulted in a PPr of 0.34 Ϯ 0.04 in 2.5 mM glucose and 0.38 Ϯ 0.03 in 15 mM glucose (P Ͼ 0.05; n ϭ 6; Fig. 6 ), with the PPr being increased by Ն15% (n ϭ 3), decreased (n ϭ 1), or unchanged (n ϭ 2) in unidentified NTS neurons. Whereas glutamate release subsequent to TS stimulation was increased in unidentified NTS Fig. 6 . Glucose modulation of evoked excitatory postsynaptic currents (eEPSCs) in EGFP-expressing and non-EGFP-expressing NTS neurons. A: representative traces showing responses to paired tractus solitarius (TS) stimulation in an EGFP-labeled mNTS neuron. B: responses to paired TS stimulation in a non-EGFP-labeled neuron. TS stimulation resulted in EPSCs with relatively constant latency to the stimulus. C: increasing glucose concentration from 2.5 to 15 mM did not significantly alter the amplitude of the first eEPSC (eEPSC1) in EGFP-labeled neurons (n ϭ 5; P Ͼ 0.05), whereas the eEPSC1 amplitude was significantly increased in nonlabeled neurons (n ϭ 6; *P Ͻ 0.05). D: no significant changes were seen in the paired-pulse ratio (PPr) across the population of EGFP-labeled neurons, although changes in individual recordings could be measured. neurons, consistent with a previous report (Wan and Browning 2008) , TS-evoked EPSCs were not consistently increased in identified GABAergic neurons, although an effect on PPr due to increased amplitude of eEPSC2 was often observed.
Effects of elevated glucose concentration on spontaneous neurotransmitter release. Figure 7 illustrates the effects of elevating glucose concentration on sEPSCs, mEPSCs, sIPSCs, and mIPSCs. Elevating glucose concentration was without significant effect on sEPSC frequency (P ϭ 0.3) or amplitude (P ϭ 0.09) in eight EGFP-expressing NTS neurons. Significant within-cell effects on sEPSC frequency were observed, however, in the majority of neurons (P Ͻ 0.02; K-S test ; Fig. 7) ; the direction of change (i.e., increase or decrease) did not correlate with effects on whole cell current or membrane potential. In the presence of TTX (1 M, n ϭ 7), mEPSC frequency and amplitude were also unaffected overall (P Ͼ 0.05) but could be decreased, increased, or unchanged in individual EGFP-labeled neurons, independent of any effect on membrane potential or whole cell current change. Results from analysis of sIPSCs and mIPSCs similarly indicated that increasing glucose concentration resulted in no overall effect on frequency or amplitude of sIPSCs (n ϭ 7; P Ͼ 0.05 for both measures) or mIPSCs (n ϭ 6; P Ͼ 0.05 for both measures), but increasing glucose concentration altered either or both measurements within individual neurons (P Ͻ 0.02; K-S test; Fig.  7 ). Thus effects on EPSCs and IPSCs were observed in most neurons, but generalizable effects on synaptic event frequency or amplitude were not detected in identified GABAergic NTS neurons.
DISCUSSION
Here, single-cell real-time TaqMan PCR, a highly sensitive and specific means of detecting mRNA content (Bustin and Mueller 2005; Mackay et al. 2002) , was used in concert with EGFP expression in transgenic mice to verify the presence of GAD67 in recorded NTS neurons and identify their GABAergic phenotype. Elevating glucose concentration from 2.5 to 15 mM resulted in altered membrane responses in 73% of identified GABAergic neurons in the NTS under normal recording conditions. The response could be either excitatory or inhibitory (i.e., depolarizing or hyperpolarizing) and was accompanied by either increased or decreased AP frequency. The change in membrane potential was retained in the presence of TTX, which blocked AP-dependent neurotransmitter release, or a mixture of ionotropic glutamate and GABA receptor antagonists, indicating that the effect occurred in the absence of any change in fast, ionotropic receptor-mediated synaptic neurotransmission. Previous reports have described glucoseinduced changes in membrane potential or AP firing in only a minority (20 -40%) of unidentified NTS neurons in vitro (Balfour et al. 2006; Mizuno and Oomura 1984; Wan and Browning 2008) . Although responses in other neuronal phenotypes remain possible, the large percentage of glucose-responsive GABAergic neurons implies that changes in glucose concentration in the NTS potently affect inhibitory, GABAergic neurons.
In pancreatic beta cells, the GCK enzyme (hexokinase IV) facilitates the phosphorylation of intracellular glucose and other hexoses (Kang et al. 2004) . During the process, ATP is released, which can influence membrane potential via ubiquitous K ATP channels. Expression of GCK can thus mediate neuronal responses to glucose that affect membrane electrical activity (Briski et al. 2009; Dunn-Meynell et al. 2002) , including in the DVC (Balfour et al. 2006; Ferreira et al. 2001) , where closure of the K ATP channels and consequent membrane depolarization is the assumed mechanism underlying the response of glucose-excited neurons. Excitatory effects of elevated glucose in the present study were prevented by the K ATP channel blocker tolbutamide, consistent with a role for K ATP channel-mediated depolarization in glucose-excited GABAergic NTS neurons. Although tolbutamide depolarized NTS neurons when intracellular ATP concentration was 2-4 mM (Williams and Smith 2006) , it is possible that the intracellular ATP concentration used here (2 mM) diminished K ATP channel-dependent effects of glucose in some neurons, potentially leading to an underestimation of glucose effects. Although both depolarizing and hyperpolarizing responses were sensitive to GCK inhibition, the hyperpolarization was not prevented by the K ATP channel blocker, suggesting that a different mechanism may contribute to the response. Uncovering the mechanism of glucose-induced hyperpolarization will require further analysis, but modulation of BK channels has been hypothesized to be involved in other brain areas (Shanley et al. 2002) . representative traces of miniature (m)EPSCs recorded in a GABAergic NTS neuron in the presence of 2.5 and 15 mM glucose. B: no differences were observed in mean spontaneous (s)EPSC (n ϭ 8) or mEPSC (TTX; n ϭ 7) frequency. C: glucose-induced changes in mean spontaneous (sIPSC) or miniature (mIPSC) inhibitory postsynaptic current amplitude were also not detected. D: graphical representation of significant changes in mEPSC frequency in individual neurons, determined by the Kolmogorov-Smirnov test (K-S test; P Ͻ 0.02). E: representative trace of mIPSCs recorded in a GABAergic NTS neuron in the presence of 2.5 and 15 mM glucose. F and G: no differences in mean frequency (F) or amplitude (G) were observed for either sIPSCs (n ϭ 7) or mIPSCs (n ϭ 6). H: graphical representation of significant changes in mEPSC frequency in individual neurons (K-S test; P Ͻ 0.02). No significant mean changes were detected, but synaptic input to most individual neurons was significantly enhanced or inhibited by increased glucose concentration.
In humans, fasting plasma glucose Ն 7.0 mM (126 mg/dl) or 2-h plasma glucose Ն 11.1 mM (200 mg/dl) is considered mild hyperglycemia but can be unnoticed, whereas when blood glucose levels rise to 15 mM (270 mg/dl) symptoms of hyperglycemia become apparent (Rehman et al. 2011) . The glucose concentration used in the present study may reflect frank hyperglycemia, whereas concentrations typically used to sustain healthy slices in electrophysiological experiments (i.e., 10 -11 mM) likely represent elevated, but not "diabetic," conditions. Of note, the nonfasted blood glucose concentration in mice is relatively higher than in rats or humans (Bach et al. 2015; Yang et al. 1997; Zsombok et al. 2011) . Our results suggest an important role for GCK in GABAergic NTS neurons when glucose levels are raised to hyperglycemic levels, and GCK is postulated to function optimally when the extracellular glucose level is in a range of 5-20 mM (Iynedjian 2009 ). Like area postrema, much of the NTS has abundant fenestrated capillaries and is considered to be largely outside the blood-brain barrier (Gross et al. 1990; Merchenthaler 1991) . As such, it is possible that when plasma glucose increases, glucose levels are less well buffered in this region than in brain areas with an intact blood-brain barrier, where interstitial glucose concentration is relatively low (De Vries et al. 2003) . Additionally, disease status with elevated glucose level can change the permeability of the blood-brain barrier, increasing direct access of NTS neurons to blood glucose (Starr et al. 2003) . The physiological level of glucose in the cerebrospinal fluid is typically below 5 mM but increases quickly with elevated blood glucose levels, and it can be permanently high in metabolic disorders (Yang et al. 1999 (Yang et al. , 2004 . Glucosesensing GABAergic neurons in the NTS may act as direct glucose sensors in the brain, relaying information related to large elevations in glucose concentration to other metabolic control areas (Zsombok and Smith 2009 ). The present findings are consistent with longstanding evidence that glucose-sensing neurons in the NTS participate in the glucose-induced regulation of feeding and blood glucose concentration (Ritter et al. 1981; Ritter et al. 2000) , and they support a prominent role of GABAergic NTS neurons in this response.
Both glucose-excited and glucose-inhibited neurons have been identified in the vagal complex (Balfour et al. 2006; Mizuno and Oomura 1984; Yettefti et al. 1995) , but the subregional location of these responses has not been described previously, and a subset of GABA neurons was excited by hypoglycemia (Lamy et al. 2014) . Here, identified GABA neurons could be either excited or inhibited by increased glucose concentration, and the direction of the response (i.e., excitatory or inhibitory) was loosely associated with the location of the cell within the nucleus, suggesting the possibility that different responses might be associated with viscerotopic organization. Acute hyperglycemia in the vagal complex affects the central components of gastric vagal reflexes by enhancing a Cl Ϫ current in gastric-projecting motor neurons in the DMV (Ferreira et al. 2001) , consistent with the hypothesis that glucose excites GABAergic mNTS neurons with intact projections to the DMV. The present data support and extend these conclusions to identify mNTS GABA neurons as being directly depolarized by elevated glucose. In addition to projecting to gastric-related DMV cells (Ferreira et al. 2001; Glatzer et al. 2003) , neurons in the mNTS are thought to receive primarily gastrointestinal and baroreceptor inputs, serving as central components of the vago-vagal reflex. Reflex responses seem likely to be modulated, therefore, in the context of glucose concentration effects on NTS neuron activity, independent of any effect of glucose on primary afferent terminals.
Neurons in the lNTS modulate cardiopulmonary functions, which can also be affected by changes in glucose concentration (Yeh et al. 2008) , via connections with the caudal ventrolateral medulla (Kubo et al. 1985; Laubie et al. 1983; Siemers et al. 1982; Suzuki et al. 1997; Travers 1988) . Neurons in the lNTS region also receive viscerosensory inputs from the esophagus, which participate in esophageal-gastric reflexes (Rogers et al. 2003) . The predominantly hyperpolarizing response of lNTS neurons to glucose elevation might be expected to reduce inhibition of parasympathetic preganglionic vagal motor neurons controlling esophageal or cardiorespiratory functions, in concert with the increased inhibition of gastric-related DMV cells. Alternatively, selective activation of a subset of glucoseinhibited, GABAergic NTS neurons increased vagal firing rate (Lamy et al. 2014) , possibly because of activation of localcircuit synapses within the NTS that regulate DMV neuron activity (Babic et al. 2011; Glatzer and Smith 2005) . Identification of glucose effects in the context of regulation of specific viscera deserves further study. Activity of viscera-specific vagal circuitry seems likely to occur, however, in the context of glucose concentration.
The effect of elevating glucose on overall synaptic input to NTS neurons was inconsistent, being increased, decreased, or unchanged, and could reflect effects on intact local circuit synaptic connections within the NTS (Glatzer et al. 2007; Herman et al. 2009) . A previous study found that acute glucose elevation increased glutamate release onto unidentified NTS neurons by acting on primary viscerosensory afferent terminals (Wan and Browning 2008) , which we also observed. In identified GABA neurons, however, a similar glucose-induced increase in glutamate release was not observed after TS activation. An increase in PPr was detected in most GABA neurons, however, and this was due to increased amplitude of the second eEPSC, suggesting a form of short-term plasticity in the response. Glutamate released from primary viscerosensory afferents onto NTS neurons is typically reduced as the frequency of afferent firing increases (Andresen and Mendelowitz 1996; Doyle and Andresen 2001; Glatzer et al. 2007; Smith et al. 1998) . Modulation of the amplitude of this frequencydependent adaptation may be related to control of vagal reflexes, as opposed to ongoing primary afferent activity (Andresen et al. 2004) . Primary viscerosensory input to GABAergic NTS neurons would thus be expected to be mainly affected by hyperglycemia under conditions of sustained afferent activation, but not necessarily with phasic viscerosensory afferent activation that occurs during brief activation of vagal afferents. Conversely, glucose may modulate vagal input to unidentified NTS neurons in a phasic, event-specific manner. The manner in which these apparently differential responses to glucose affect vagal reflex control of specific viscera remains to be determined. It is evident, however, that glucose regulation of GABAergic neurons can modulate both tonic and reflexive vagal activity through direct actions on the neurons as well as at primary afferent synaptic input.
Conclusions. The present results suggest that most GABAergic neurons in the NTS are either excited or inhibited by elevating glucose concentration. Both responses were inde-pendent of synaptic input and required GCK activity. The depolarization occurs via a K ATP channel-mediated mechanism, whereas the hyperpolarization did not appear to require K ATP channels. mNTS GABA neurons, which presumably mediate glucose-responsive inhibitory connections between the NTS and gastric-projecting DMV neurons, were mainly depolarized, which could account for the inhibition of gastric motor neurons and altered gastric motility when glucose is elevated acutely in the DVC (Ferreira et al. 2001) . Conversely, inhibition by glucose of GABAergic lNTS neurons likely to participate in cardiorespiratory regulation or esophageal-gastrointestinal coordination would tend to disinhibit downstream targets. Emerging data suggest the importance of a gastricbrain stem-hepatic circuit in regulating systemic glucose metabolism (Cheung et al. 2009; Lam et al. 2010; Rasmussen et al. 2012) , which seems likely to involve glucose-sensing, GABAergic NTS neurons identified here. Glucose-responsive GABAergic neurons in the NTS are therefore situated to control multiple autonomic systems responsible for feeding, digestion, and metabolism in the context of plasma glucose levels.
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